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Background and Summary 

[00011 The invention relates to semiconductor devices. More particularly the invention relates 
to improvements in the configuration of circuits constructed from semiconductor devices to 
reduce leakage current in the circuits. 

5 [0002] Throughout the specification, P and N-channel MOS (metal oxide semiconductor) 
devices (PMOS and NMOS) are described in terms of their respective gate, drain and source 
nodes to help clarify the structure and operation of the alternative embodiments. PMOS devices 
transmit positive current when the signal on the gate is low, and cease transmitting positive 
current when the signal on the gate is high. NMOS devices transmit positive current when the 
10 signal on the gate is high, and cease transmitting positive current when the signal on the gate is 
low. 

[0003] According to standard convention, positive current flows from the drain to the source 
node in NMOS devices, and flows from the source to the drain in PMOS devices. The source and 
drain node conventions are used only to help describe the structure and operation of 
1 5 embodiments of the invention and are not intended to limit the scope of the invention. It is 
possible to operate MOS transistors in reverse, especially if the source and drain regions are 
symmetrical. As such, the relative positions of the drain and source are not critical to the 
disclosed embodiments of the invention. 

[0004] Semiconductor processes are continually evolving to meet demands for increased 
20 performance, reduced cost and reduced power consumption. Currently the mainstream c 

technology for meeting these needs is silicon CMOS technology. CMOS is a particular form of 
MOS technology in which two types of transistors are used - NMOS and PMOS - hence the 
name Complementary MOS or CMOS. There are also NMOS and PMOS forms of MOS 
technology, which use exclusively NMOS and PMOS transistors respectively. 

25 [0005] The feature size of CMOS circuits is being steadily reduced as manufacturers strive to be 
competitive on performance, cost and power consumption. The smaller the feature size 
("geometry") of a process, the lower the voltage at which circuits designed in the process can 
operate without having failures due, to voltage breakdown. 
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[0006] Silicon CMOS processes use MOS transistors. MOS transistors have a channel between 
two terminals called the source and the drain. The current that flows between the source and 
drain can be controlled by changing the voltage on a third terminal, called the gate. For a given 
voltage between the source and the drain, the current that flows between the source , and drain is a 
5 complex function of the voltage on the gate. This function is commonly divided into 3 regions 
that, taken together, give a good approximation to the behaviour of a MOS transistor: 

1 . If the voltage difference between gate and source, V gs , is less .than a threshold value, V t , 
the drain-source current, I ds , varies exponentially with both V gs and Vd s (the drain-source 
voltage). This is commonly referred to as the 'Subthreshold' region. 

10 2. If Vgs >V t , and also V gs >Va s > Ids varies linearly with both V gs and V ds . (the 'Linear' 
region) 

3 . If Vds > V gs > V t , Ids varies quadratically with V gs , but is (almost) independent of Vd S (the 
■Saturated' region) ; 

This relationship is depicted in FIG. 1 for an NMOS transistor, and in FIG. 2 for a PMOS 
15 transistor. 

[00071 In a digital circuit, the typical operating points of interest are the transistor being fully on 
or fully off, controlled by the gate voltage being either the minimum (Gnd) or the maximum 
(V d d) voltage in the circuit. For an NMOS transistor, the fully on state corresponds to the gate 
being coupled to the most positive voltage in the circuit (Vdd), and the fully off state to the gate 
20 being coupled to the most negative voltage in the circuit (Gnd). From the above definitions, an 
on transistor is in the linear region, and an off transistor in the sub-threshold region. PMOS 
transistors have a complementary behaviour to NMOS transistors - they are fully on when their 
gates are coupled to the most negative voltage in the circuit (Gnd), and fully off when their gates 
are coupled to the most positive voltage in the circuit (Vdd). 

25 |0008] Some digital circuit components, such as pass transistors, can degrade the Vdd and Gnd 
voltages discussed above. These degraded voltages are, however, still sufficient to generate the 
on and off states discussed above. Thus either a full or degraded V d d signal can serve as a logical 
" high, and either a full or degraded Gnd signal can serve as a logical low signal for the digital 
circuit. 
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[0009] "Coupling" as used herein may be either a direct coupling between the two enumerated 
elements, or an indirect coupling through other elements between the enumerated elements. For 
example, the gate of the PMOS transistor discussed above may be directly coupled to V dd , or the 
gate of the PMOS transistor may be indirectly coupled to Vdd through another PMOS transistor, 
5 or some other element. An example of this latter indirect coupling is shown in FIG. 10B, where 
the gate of transistor P2 is coupled to V d d via transistor PI. 

[0010] Turning to FIG. 3, since the subthreshold region has an exponential dependence of Ids on 
V gs , the current drops dramatically as V gs falls below the threshokLlevel. When analysing the 
behaviour of digital circuits it is therefore common to regard an off transistor as carrying no 
10 current, and an on transistor as capable of carrying a high current. This is however an 

approximation, and in modern CMOS processes the validity of this approximation is under 
threat. 

[0011] As CMOS technology moves to smaller and smaller geometries, the operating voltage of 
CMOS circuits is being steadily reduced to stay within the operating voltage limits of the smaller 

15 geometry processes. As the operating voltage reduces, so does the maximum voltage (V d d) that 
can be coupled to the gate of an NMOS transistor in the circuit, and therefore the current that can 
be carried by a fully on transistor is reduced. FIG. 4 depicts the current flow through an NMOS 
transistor using a smaller geometry than the NMOS transistor current flow graph of FIG. 3. The 
operating speed of a CMOS circuit is typically determined by the rate at which charge can be 

20 moved on and off the parasitic, capacitances in the circuit via the on transistors, so any reduction 
in the ability of the transistors to conduct current will lead to an increase in the time required to 
move this charge, and therefore to a reduction in the operating speed of the circuit. Thus as the 
operating voltage limits on transistors become smaller, the transistors become slower. It is 
possible to correct for this effect by reducing the threshold voltage of the transistors - the lower 

25 the threshold voltage, the higher the current that can be carried by a fully on transistor. 

[0012] However, there is another effect to consider that restricts the CMOS process developer's 
freedom to reduce the threshold voltage. If the threshold voltage is reduced, the subthreshold 
region is correspondingly reduced. Therefore, an off transistor is not so far into the subthreshold 
region, and so the current through an off transistor (commonly referred to as the leakage current) 
30 will be increased. For example, comparing FIG. 4 with FIG. 5, FIG. 4 depicts an NMOS 
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transistor having a threshold voltage V t? and FIG. 5 depicts a second NMOS transistor having a 
threshold voltage V t % lower than V t . Because of the exponential dependence of subthreshold 
current on gate voltage, a small reduction in threshold voltage can lead to a large increase in 
leakage current. 

5 [0013] For process geometries of about 0. 1 3 [im and below it is no longer possible to find a 
single choice of threshold voltage that is suitable for both high speed and low leakage circuit 
operation. Instead, such processes commonly offer the circuit designer a choice of two or more 
types of NMOS (and PMOS) transistors, with different threshold voltages. . 

[0014] The highest threshold voltage transistor will have the lowest leakage current when turned 
10 fully off, and will conduct the smallest current when turned fully on. The current conducted 
when the transistor is turned fully on will limit the performance of many circuits! 

[0015] The lowest threshold voltage transistor will have the highest leakage current when turned 
fully off, and will conduct the largest current when turned fully on. The current conducted when 
the transistor is turned fully on will provide the highest performance circuits. However, the high 
15 leakage current (which may be thousands of times higher than the leakage current of a highest 
threshold transistor of the same size) will often mean that these low V t transistors can only be 
used in portions of circuits that are time-critical, or where power dissipation is not a concern for 
some other reason. 

[0016] Typically the designer's concern for the level of leakage current is not related to ensuring 
20 correct circuit operation, but is related to minimising power dissipation. For portable electronic 
devices this equates to maximising battery life. For example, mobile phones need to be powered 
for extended periods (known as standby mode, during which the phone is able to receive an 
incoming call), but are fully active for much shorter periods (known as talk omctive mode, while 
making a call). When an electronic device such as a mobile phone is in standby mode, certain 
25 portions of the circuitry within the electronic device, which are active when the phone is in talk 
mode, are shut down. These circuits, however, still have leakage currents running through them, 
even though they have been de-activated. Even if the leakage current is much smaller than the 
normal operating current of the circuit, the leakage current depletes the battery charge over the 
relatively long standby time, whereas the operating current during talk time only depletes the 
30 battery charge over the relatively short talk time. As a result, the leakage current has a 
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disproportional effect on total battery life, making leakage current an important design 
constraint. 

[0017] Therefore, systems and methods are needed to allow low threshold transistors to be used 
where advantageous for circuit performance, while reducing the constraints on their use imposed 
5 by leakage current, for example in an idle or standby mode. Additionally, there is a need for 
systems and methods to minimise leakage current in active circuits, such as circuits in a run 
mode, by providing settings of unused portions of the active circuit that are chosen to minimise 

the leakage current. 

v. 

Brief Description of the Drawings 

10 [0018| The accompanying drawings are included to provide a further understanding of 

embodiments of the invention and together with the Detailed Description, serve to explain the 
principles of the embodiments disclosed. 

[0019] FIG. 1 is a graph of voltages in an NMOS transistor. 

[0020] FIG. 2 is a graph of voltages in a PMOS transistor. 

15 [0021] FIG. 3 is a voltage current graph of an NMOS transistor having a relatively high 
maximum voltage V dd . 

■ . / 

V 

[0022] FIG. 4 is a voltage current graph of an NMOS transistor having a relatively low 
maximum voltage V d d and a relatively high threshold voltage V t . 

[0023] FIG. 5 is a voltage current graph of an NMOS transistor having a relatively low 
20 maximum voltage Vdd and a relatively low threshold voltage V t . 

[0024] FIG. 6 is a portion of a reconfigurable device circuit. 

[0025] FIG. 7 is an NMOS pass transistor switch. 

[0026] FIG. 8 is a complementary switch. 

[0027] FIG. 9 is a controlled buffer circuit. 

25 [0028] FIG. 1 OA is a CMOS NAND gate. 

/ .... 

[00291 FIG. 1 0B is a CMOS NOR gate. 

[0030] FIG. 10C is a CMOS AND-OR-Invert gate. 



DOCSOCl: 140386.1 
703567-4001 D2D 



PATENT 
703567.4001 

[0031] FIG. 1 1 is a CMOS circuit including three NAND gates. 
[0032] FIG. 12 is a CMOS inverter circuit. 

J0033] FIG. 1 3 is a partial fraction of the routing network of a reconfigurable device. 

[0034] FIG. 14 is an expanded view of the routing network and associated functional units of a 
5 portion of a reconfigurable device. 

[0035] FIG. 1 5 is a driver circuit for a reconfigurable device. 

[0036] FIG. 16A is a tri-state driver circuit 

[0037] FIG. 1 6B is a barrel shifter circuit. 

[0038] FIG. 1 7 is a flowchart of a method for determining the minimum possible leakage current 
10 in a circuit. 

[0039] FIG. 18 is a flowchart of a method of using scan chains to configure a device into a low- 
leakage state. 

Detailed Description of the Preferred Embodiments 

15 [0040] The description of the preferred embodiments of the invention, below, will be made with 
reference to transistors within a reconfigurable device, such as a Field-Programmable Gate Array 
(FPGA) or a Reconfigurable Arithmetic Array (RAA). Those skilled in the art will recognize 
that alternative embodiments; of the invention are possible using other types of circuits, such as 
programmable MOS circuits, tri-state drivers, buffers, bus switches or barrel shifters. ? 

20 [0041] A reconfigurable device is a semiconductor device that is adapted to be configured to 
operate in a variety of different modes, and to perform a variety of different functions. In the 
operation of a typical reconfigurable device, during a configuration mode the device is first 
configured to perform a particular function. Example functions include digital signal processing, 
graphics processing, array computing, etc. Once the reconfigurable device has been configured, 

25 it then switches to an operating mode, where the configured function is executed. Once the 
execution of the configured function is completed, the reconfigurable device may then be 
reconfigured for a different function, by re-entering the configuration mode and having a new 
function configured into the reconfigurable device. 
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[0042] Turning to FIG, 6, an example reconfigurable device 600 includes the following 
. components: 

An array of functional units 610, for example Look-up Tables (LUTs) in an FPGA, 
Arithmetic and Logic Units (ALUs) in an RAA, together with memories, registers and 
5 multiplexers. These functional units are adapted to perform a variety of different functions, 
depending on how they are configured. 

A routing network 620, to allow the functional units to be interconnected as required by a 
particular application. This routing network is adapted to allow for a wide variety of 
interconnections between the functional units, as determined by the configuration of the device. 

10 One or more configuration memories 630, to hold the data that specifies the functions of 

the functional units, and the interconnection pattern implemented by the routing network. 

An interface 640 to allow configuration data to be written into the device. 

Some "backplane" circuitry coupled to the interface 640, to distribute the configuration 
data and other signals such as clocks and control signals within the device. 

15 [0043] In many reconfigurable devices, the routing network is the largest of these components. 
It is advantageous for the routing network to provide as much flexibility of interconnection 
pattern among the functional units as possible. In general, achieving the required flexibility of 
interconnection pattern requires the routing network to comprise a large number of switches, 
such as the switches 650 shown in FIG. 6. Hence some design objectives for an individual 

20 interconnect switch are: 

Small area. 

Ability for the switch state (on or off) to be controlled from the configuration memory. 

Ability to transmit signals down the desired path with low delay and power consumption 

A turned off switch should have minimum impact (speed, power consumption) on the rest 
25 of the circuit. 

[0044] There are several options for implementing the switches in a reconfigurable device, 
which may be used singly or in combination: 

1. Pass transistor switch 

a 
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[00451 This is the simplest possible switch. Turning to FIG. 7, an NMOS pass transistor switch 
has a single NMOS transistor 700 whose gate 710 is controlled by the configuration memory 
* (not shown), and whose drain 720 and source 730 terminals are coupled to signal wires in the 
interconnect. When the gate voltage is driven high (for NMOS pass transistors), the switch is . 
5 turned on and current can flow through the transistor 700, from the drain 720 to the source 730. 
When, the gate voltage is driven low, the switch is turned off and no current can flow through the 
transistor 700, other than some leakage current. The voltage propagated from drain to source by 
an NMOS pass transistor is limited to the lower of the drain voltage and the gate voltage less the 
threshold voltage, and therefore cannot exceed Vgate - V t . It is therefore advantageous for pass 

10 transistor switches to be built from lower threshold voltage transistors to avoid excessive signal 
level degradation, especially in circuits with lower operating voltages. Additionally, as lower 
threshold transistors are more conductive than higher threshold transistors, operating frequency 
is improved by the use of lower threshold transistors in pass transistor switches. However, when 
pass transistors are turned off, a leakage current may pass through them. The leakage through 

15 large numbers of low threshold pass transistor switches which are turned off can be excessive, 
which can be a serious design constraint. 

2. Complementary switch 

[0046] Turning to FIG. 8, this switch includes a PMOS transistor 800 and an NMOS transistor 
810 connected in parallel, with their gates controlled by complementary signals from a bit in the 
20 configuration memory. Unlike the pass transistor switch it does not degrade the signal level. As 
with pass transistor switches, operating frequencies are improved by the use of lower threshold, 
more conductive, transistors in complementary switches. Leakage through large numbers of low 
threshold complementary switches that are turned off can be a serious design constraint, just as 
for pass transistor switches. 

25 3. Controlled buffer 

[0047] Turning to FIG. 9, a controlled buffer includes a NAND gate 910, aNOR gate 920, an 
inverter 930, a PMOS transistor 940 and an NMOS transistor 950. The data input is NAND'ed 
and NOR'ed with a control signal, to generate the control signals for the PMOS transistor 940 
and the NMOS transistor 950. By combining the data input with the control signal in this way, 
30 the controlled buffer "re-powers" a signal that it propagates, and so appropriate use of controlled 
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buffers can offset the poor operating frequency caused by long chains of pass transistor switches 
or complementary switches. These buffers are, however, substantially larger than pass transistor 
switches or complementary switches. 

4. Multiplexer 

5 [00481 Multiplexers allow one of several input signals to be connected to one output signal. It is 
appropriate to use multiplexers when the required pattern of connectivity can exploit this pattern 
of connections. 

[0049] Considering the range of switch options available, it is often advantageous to use pass 
transistor switches and complementary switches on account of their small size. This is true even 
10 if these types of switch need to be supplemented with controlled buffers for improved 
performance. — 

f0050j Standard CMOS logic gates (examples of which are shown in FIG. 10A-C) include a 
network of PMOS transistors connected between V dd and the output of the gate, and a network of 
NMOS transistors connected between the output and Gnd. Thus the output is either pulled up via 
15 the PMOS network, or pulled down via the NMOS network. The inputs to the logic gate are 

connected to the gates of the NMOS and PMOS transistors, and turn the transistors on and off. If 
the inputs create a path from V dd through a sequence of on PMOS transistors to the output, then 
the output will be pulled up, and if the inputs create a path from Gnd through a sequence of on 

NMOS transistors to the output, then the output will be pulled down. 

. • . \ ■ • 

20 [0051] For example, turning to the NAND gate of FIG. 1 OA, if either input A or B is low, then 

the corresponding PMOS transistor PI, P2 will be turned on, and a path from V dd to the output is 

opened. At the same time, at least one of the NMOS transistors Nl , N2 will be turned off by the 

low input on one or more of inputs A and B, thus blocking the path from Gnd to the output. If 

both of the inputs A and B are high, however, then both of the PMOS transistors PI and P2 are 

25 turned off, blocking the path from V dd to the output. At the same time, both of the NMOS 
transistors Nl and N2 are turned on, creating a path from Gnd to the output, which pulls the 
output down to Gnd. Thus, if either input is low, the output is high, and if both inputs are high, 
the output is low, which is the proper implementation of the NAND function. The gates of 
FIGS. 10B and 10C function in a similar fashion, wherein a path is created between either V dd 

30 and the output, or Gnd and the output, depending on the values received at the inputs. 
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[0052] The inputs are coupled to the transistor gates in such a way that for all valid input 
combinations there is either a path from V dd to the output- or a path from Gnd to the output, but 
not both. Therefore there is never a path from V dd to Gnd through a sequence of on PMOS and 
NMQS transistors (such a path would result in a high current flow from V dd to Gnd) and there is 
5 always at least one off transistor in all possible paths between V dd and Gnd. However, there is 
still the possibility of leakage current through that one (or more) off transistor, and therefore each 
logic gate is potentially a cause of leakage current. 

[0053] These CMOS logic gates can be constructed using a mixture of both high- and low- 
threshold transistors. A gate constructed with just low-threshold transistors will be fast, but also 
10 have high leakage currents, while replacing all the transistors with high- threshold versions 
results in a gate that is slower, but with significantly lower leakage currents. A gate with a 
mixture of high- and low-threshold transistors will have a composite performance, depending on 
the thresholds of the individual transistors, and the particular combination of inputs. For 
example, returning to the NAND gate of FIG. 10A: 

15 [0054] If the two PMOS transistors (PI, P2) are both low-threshold, and the two NMOS 

transistors (Nl, N2) both high-threshold, then when any input (A, B) goes low the output will 
rise faster than for a NAND gate with just high-threshold transistors. If any input is low then the 
gate will have low leakage (since there is at least one off high-threshold transistor between Vdd 
and Gnd), but if both inputs are high then it will have high leakage, since the only off transistors 

20 in the V dd -to-Gnd path will be the two parallel low- threshold PMOS devices Pi and P2. 

[0055] If transistors PI and Nl (the two transistors coupled to input A) are both made 

low-threshold then any output change due to a change on input 'A will propagate faster than in 
the high-threshold-only case. However, the gate will have higher leakage if input B is high, since 
then there will always be a path from V dd to Gnd that does not include an off high-threshold 
25 transistor: 

» [0056] If just Nl is made low-threshold, then a falling output transition due to a change 

on the A input will be faster than in the high-threshold case. Leakage will only be increased 
when the A input is low and the B input high, since for all other input combinations there will 

always be an off high-threshold transistor between V dd and Gnd. ' n 

s . . • ■ - 
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[0057] Thus the designer is able to choose to create fast paths through a gate, but may have to 
accept some increased leakage in order to do so. It is possible to avoid any increase in leakage if 
the modified gate always has at least one off high-threshold transistor between Vdd and Gnd for 
all valid input combinations, but if this condition is not met then there will be input combinations 
^ 5 that result in high leakage. 

[0058] There are two ways in which low-threshold transistors can be used to make a circuit 
faster: 

A low-threshold transistor can carry more current than a high-threshold one of the same 
size, so if a high-threshold transistor in a gate is replaced with a low-threshold one of the same 
10 size the gate will be able to carry a higher current. Therefore the gate will be able to charge or 
discharge its load capacitance faster. This relationship is seen by comparing the current-voltage 
graph of the high-threshold transistor shown in FIG. 4 with the current- voltage graph of the low- 
threshold transistor shown in FIG. 5. 

Alternatively, a small low-threshold transistor can carry the same current as a larger high- 
1 5 threshold transistor, but has a smaller gate capacitance. If a high-threshold transistor is replaced 
with a low-threshold one with the same current carrying capacity then the ability of the gate to 
charge or discharge its load capacitance is unchanged, but its input capacitance is reduced, and 
therefore the gate that drives its input is able to do so faster. 

[0059] The speedups obtained using these two different approaches apply to different paths 
20 through a circuit. Consider the circuit of FIG. 11, which shows two NAND gates with inputs A, 

B, and C, D, respectively, that then drive the third NAND gate (with two nodes E, F, as its 

- 

; inputs). Here we consider the effect of changing Nl , the NMOS transistor in this third NAND 
gate with node E as its gate connection, into a low-threshold device. 

[00601 If the threshold of Nl is reduced, and the device size left unchanged, then the rate 

25 at which the path from the output to Gnd sinks current is increased. Any change of input state 
that causes the output to go low will propagate faster. This applies both to changes in A or B, as 
well as to changes in C or D, even though C and D do not propagate through node E, and are 
therefore not coupled to the gate of Nl . However, there will be no change in delay for any 
change in input state that causes the output to go high, since such changes will not benefit from 
30 the increased ability of Nl to sink current. 
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[0061] If the threshold of Nl is reduced, and the device size is also reduced to maintain 

the same current carrying capacity, then the ability of the path between output and Gnd to sink 
current is unchanged. However, the gate capacitance on node E is reduced. Thus any transition 
' that propagates via node E will be faster, both those that cause the output to rise and those that 
5 cause it to fall. Transitions that do not propagate via node E (i.e. those on inputs C and D, that 
propagate via node F) will have no speedup. 

[0062] Thus, by choosing how to use the low-threshold transistors the designer can choose to 
speed up certain edges (such as the falling output edge in the first example above), or to speed up 
certain paths (such as the path through node E in the second example). 

10 [0063] To achieve an overall circuit design that does not suffer from excessive leakage it is 
preferable to follow the following principles, that are based on the above description of the 
effects of using low-threshold transistors: 

Use low-threshold transistors in gates in the speed-critical parts of the design only. 

To speed up an edge, use normal-sized low-threshold transistors. 

15 To speed up a path, use reduced-size low-threshold transistors. 

In circuits where not all input combinations are permitted, try to ensure that there is 
always at least one off high-threshold transistor between Vdd and Gnd for all valid input 
combinations. * . 

[0064] In situations where increased leakage is unavoidable, try to keep the number of input 
20 combinations that result in increased leakage (i.e. that do not have an off high- threshold 

transistor between V dd and Gnd) to a minimum. Alternatively, try to ensure that each possible 
path through either the NMOS or the PMOS networks of the CMOS gate can be set to a low 
leakage state, so that there are at least some input combinations that do not result in increased 
leakage. To further reduce the number of input combinations that result in leakage above that 
25 expected for a high threshold transistor path, ensure that each possible path through both the 
NMOS and PMOS networks can be set to a low leakage state. Where both networks can be set 
to a low leakage state, input combinations that result in both high and low level outputs are 
possible while maintaining low leakage. This is equivalent to the following: 
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n-input NAND gates should contain either no more than n -1 low- threshold NMOS 
transistors, or no low-threshold PMOS transistors. To further reduce the number of input 
combinations that cause leakage, both of these conditions should be met. 

n-input NOR gates should contain either no more than n -1 low-threshold PMOS 
5 transistors, or no low-threshold NMOS transistors. To further reduce the number of input 

combinations that cause leakage, both of these conditions should be met. 

In compound gates (such as the AND-OR- Invert gate of FIG. 10C) that contain parallel 
arrangements of serial transistors, at least one transistor in each serial chain should be 
high-threshold. 

10 In compound gates (such as the ANDrOR- Invert gate of FIG. 10C) that contain serial 

arrangements of parallel groups of transistors, at least one such parallel group should 
contain all highr threshold transistors. 

[0065] Requiring that all paths through a gate can be set to be low leakage, however, sometimes 
leads to undesired results. For example, this would require that low-threshold transistors not be 

15 used in inverters. Turning to FIG. 12, an inverter 1200 has an input A and an output OUT, a 

single NMOS transistor Nl in the NMOS (pulldown) network, and a single PMOS transistor PI 
in the PMOS (pullup) network. If either of these transistors is changed to a low-threshold type 
there will be a data-dependent significant increase in leakage through the inverter, whenever the 
input signal causes the low-threshold type transistor to be turned off. For example, if the 

20 transistor Nl is low threshold, then whenever the input A is low, the transistor Nl is turned off, 
. and therefore causes significant leakage through the transistor Nl, since the drain-source voltage 
across transistor Nl is substantially equal to Vdd- Similarly, if the transistor PI is low threshold, 
then whenever the input A is high, the transistor PI is turned off, and therefore causes significant 
leakage through the transistor PI, since the drain-source voltage across transistor PI is 

25 substantially equal to V dd . 

j - . 

[0066] As is discussed in further detail below, in an embodiment a circuit is provided that can be 

configured to enter a low leakage state, which can take account of data-dependent leakage, such 

as that caused by use of low-threshold devices in CMOS gates such as inverters. An example of 

a circuit that can easily be configured into a low leakage state is a reconfigurable circuit such as 

30 that found in an FPGA or an RAA. In alternate embodiments, however, other forms of circuits 
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are placed into a low leakage state, such as tri-state drivers, buffers, bus switches, and barrel 
shifters. In another alternate embodiment, circuits having scan chains are placed into a low 
leakage state. Those skilled in the art will appreciate that a wide variety of circuits may be 
advantageously placed into a low leakage state using the teachings disclosed herein. 

5 [0067] As an initial matter, it is noted that leakage current through a MOS component such as a 
MOS transistor only occurs when the transistor is off and there is a voltage difference between 
the drain and the source of the transistor. Thus, where a circuit can be configured such that there 
is no voltage difference between the drains and sources of the transistors in the circuit, leakage is 
substantially eliminated, regardless of whether the transistors are high or low-threshold 
10 transistors. . 

[0068] Turning to FIG. 13, there is shown a sample fraction of the routing network of a 
reconfigurable device, where drivers Dl and D2 are driving data into the routing network, arid 
sinks SI and S2 are receiving data from the network. Busses Bl and B2 carry signals to and from 
the various transistors T1-T8. In this example, transistors Tl and T2 are switched on to create a 
15 path from Dl to SI, and transistors T3 and T4 are switched on to create a path from D2 to S2. 
Transistors T5, T6, T7, and T8 are switched off. If Dl is driving a high signal into the routing 
network, and D2 a low signal, then all of T5, T6, T7, and T8 have a voltage difference between 
their sources and drains, and will therefore have leakage currents flowing through them. 

[0069] For example, transistor T5 has a voltage difference because the drain of transistor T5 is 
20 receiving a high signal directly from Dl, whereas the source of transistor T5 is receiving a low 
signal from D2, via the path through transistor T3 to bus B2 to the source of transistor T5. 
Similarly, transistor T6 has a voltage difference because the source of transistor T6 is receiving a 
low signal from D2, via the path through transistor T3 to bus B2 to the source of transistor T6, 
whereas the drain of transistor T6 is receiving a high signal from driver Dl via the path through 
25 transistor Tl to bus Bl to transistor T2 to the drain of transistor T6. Transistors T7 and T8 
similarly have voltage differences, 

[0070] However, if Dl and D2 both drive high signals, or both drive low signals, into the routing 
network, then there will be no voltage difference between source and drain for any of T5, T6, T7, 
and T8. For example, considering transistor T7, driver Dl drives a high signal through transistor 
30 Tl to bus Bl to the drain of transistor T7, and driver D2 drives a high signal directly to the 
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source of transistor T7. The other transistors T5, T6, T8 similarly have no voltage difference 
when Dl and D2 drive the same value into the routing network. Thus, leakage in the routing 
network can be substantially eliminated if all drivers feed the same value into the network. This 
is the case even if all of Tl to T8 are low threshold devices that are typically susceptible to high 
5 leakage currents. Since low threshold transistors are capable of creating fast paths through the 
routing network, placing the reconfigurable device into a low leakage state using this condition 
where all active drivers provide the same signal level to the routing network (referred to as the 
equipotential drive condition) is useful in obtaining the benefits of both fast signal propagation 
through the routing network in normal operation and low leakage in standby mode. 

10 [0071] In many reconfigurable device circuits, optional registers are placed immediately before 
the drivers for the routing network. Turn to FIG. 14, showing a larger fraction of a 
reconfigurable device 1400 incorporating the routing network of FIG. 13, and showing registers 
1410 between functional units 1420 and the drivers Dl, 1)2 for the routing network, together 
with multiplexers 1430 that allow them to be selected or deselected. Equipotential drive to the 

1 5 routing network is implemented by configuring these registers 1410 to have them all drive the 
routing network with the same signal level. For example, the registers 1410 are configured to 
drive the drivers Dl, D2 both with high signals. Alternatively, the registers 1410 are configured 
to drive the drivers Dl, D2 both with low signals. As will be discussed further below, this 
design choice may be influenced by other considerations in reducing leakage for other 

20 components of the reconfigurable device. 

[0072] There are several ways in which the equipotential drive condition can be achieved for the 
routing network of the reconfigurable device: 

[0073] 1 . In some cases, depending on the particular configuration of the functional units 
1420 within the reconfigurable device, there will be a data sequence that can be applied to the 

25 main data inputs of the reconfigurable device, such that the function performed by the device 

results in the same value being present at all inputs to the routing network. For example, if all of 
the functional units 1420 are configured to function as buffers, then applying a data sequence of 
all ones, or all zeros, to the main data inputs will cause the device to buffer the input, and result 
in the same value (all ones if input was ones, all zeros if input was zeros) to be present at all 

30 inputs to the routing network. 
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[0074] 2. Alternatively, the device can be reconfigured in order to load a dedicated "low- 
leakage" configuration that guarantees all drivers will provide the same value to the routing 
network. This reconfiguration can be loaded into, the reconfigurable device via a reconfiguration . 
port, which gives access to the registers and other elements within the reconfigurable device that 
5 are to be reconfigured. For example, the device can be reconfigured such that all of the 

functional units 1420 output the same value, or such that all of the registers 1410 output the same 
value. The values stored in the registers 1410 may optionally be saved prior to the 
reconfiguration, to preserve the state of the application previously configured onto the 
reconfigurable device. 

10 [0075] 3. As further alternative, sortie reconfigurable devices allow "partial 

reconfiguration" - a programming operation that changes just a part of the configuration of the 
device while the rest remains unchanged. Following are several examples of how this feature can 
be used to set up the equipotential drive condition: 

a) A partial reconfiguration selects and updates the registers 1410 in FIG. 14 to 

15 cause those registers 1410 to all output the same value, but leaves the function units 1420 

and routing connections (transistors T1-T8 in FIG. 13) unchanged. 

b) A partial reconfiguration that uncouples all drivers (Dl , D2) that are not 
putputting the required equipotential value, and creates new couplings to ensure inputs 
remain coupled to a voltage source of some kind, rather than being allowed to float. For 

20 example new couplings are created to couple the inputs to a constant- value logical '0' or 

6 1 ' source, or some other source within the reconfigurable device that is outputting the 
required equipotential value. 

[0076] 4. Some devices have a "global reset" - a signal that couples to all registers, and 
forces them to a known state (normally all registers are set to store a 0). This global reset will 
25 also cause all of the drivers to the routing network to output the same value, thus creating the 
desired equipotential value condition. 

[0077] 5. Alternatively, the registers 1410 can be modified to have an extra input, driven by 
a "standby mode select" signal, whose function is to cause the registers 1410 to output a constant 
value. This differs from the global reset discussed above in that it leaves the register contents 
30 unchanged and just affects the output value. Thus the state of the registers 1410 during . 
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, operational mode is preserved, while still allowing the reconfigurable device to enter the 
equipotential drive condition desired for the standby mode. 

[0078] These alternative ways of setting the equipotential drive condition can be divided into 
two main types: 

5 [0079] Those that preserve the state of the application configured onto the reconfigurable device 
(i.e. where the contents of the registers 1410 can be preserved). Item 5 on the above list falls into 
this category, as do 2 and 3 provided the register data is saved prior to the reconfiguration and 
restored by a further partial reconfiguration on leaving the standby state. 

[0080] Those that destroy the state of the application, such as items 1 and 4 on the above list, and 
10 items 2 and 3 if the register data is riot saved before reconfiguration and restored later. 

[0081] For some applications it is not necessary to preserve the application state during standby, 
so that the application resumes in the same state it was in before entering standby, but for many 
others it is. This makes a mechanism that can preserve state the preferable way to implement the 
standby mode, though alternative embodiments that do not preserve the application state are also 
15 possible. 

[0082] In most reconfigurable devices there are elements other than the function units and 
registers, which can drive the routing network. For example: 

Inputs from outside the reconfigurable circuit, such as test inputs, application data inputs, 
. control signal inputs, etc. 

20 ■ Constant value drivers (e.g. to provide a logic '0' or ' V) 

Outputs from special purpose function blocks 

Unregistered outputs from function blocks 

■» 

[0083] For the equipotential drive condition to be met, all other active elements or drivers 
coupled to the routing network must also drive the same signal level. These elements can be 
25 caused to drive the equipotential drive value in the same ways as described above. 

[0084] As an example, consider the case of a reconfigurable device whose low-power standby 
state is chosen to be where all active drivers drive CMOS highs (logic * 1 ■) into the routing 
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network, implemented by partial reconfiguration and updating of register contents. This partial 
reconfiguration achieves the following: 

Load highs into all registers. 

Uncouple all constant 0s from the routing network, and update the routing if necessary to 
5 ensure that all routes previously driven by a constant 0 are still coupled to a driven signal. For 
example (if the device contains constant 1 drivers), all coupling to constant 0s could be replaced 
with couplings to constant Is. 

1 Uncouple (and update the routing of) all inputs, or alternatively set the inputs to drive 
highs into the routing network. 

10 Uncouple (and update the routing of) all outputs from special purpose function blocks, or 

alternatively update the configuration of such blocks to ensure that their outputs are all high. 

[0085] Setting such a reconfigurable device into a low-power standby state, and restoring it to 
normal operation proceeds according to the following sequence of operations: 

1. Stopping the normal operation of the device. 

.15 2. Saving the state of the registers: 

3. Loading a partial configuration as described above. 

. i ■ ... 

(At this point the device is in its low-power standby state) 

4. Loading a new partial configuration that restores register contents, and returns the routing 
network to its earlier configuration (i.e. with constants, inputs, etc. recoupled). 

20 5. Restarting the normal operation of the device. 

10086] The previous section described how to place a routing network in a reconfigurable device 
in a low power standby mode, by loading it with a configuration that ensures that all forms of 
driver to the routing network are driving the same value, according to an embodiment of the 
invention. 

, 25 [0087] There may be low threshold transistors used elsewhere in the reconfigurable device, and 

this may impose additional constraints on the preferred configuration of the device for standby 

■ - . s~ ' 

mode - for example these transistors may determine the choice of value for the equipofential 
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drive condition (whether all drivers should provide highs or lows). Alternatively, where the 
equipotential drive condition is known ahead of time, it becomes possible to design the 
reconfigurable device to use low-threshold transistors in parts of the circuits within the device, 
while still maintaining the ability to switch into a low-leakage standby state. 

5 [0088] To continue with the previous example embodiment, recall that the equipotential drive 
condition is defined such that in standby mode the routing network contains only highs. This 
means that the standby state of any node in the device that is directly or indirectly coupled to the 
routing network solely via combinatorial logic paths can itself be fixed in standby mode. A 
combinatorial path is a path that does not include a register or other memory element. The. state 

1 0 of a node that has only combinatorial paths to the routing network is determined solely by the 

current state of the routing network. As explained above, there are some types of logic gates that 
can be constructed using low-threshold transistors (that have high leakage) for some 
combinations of inputs and not for others. Such circuits can therefore be used in the 
reconfigurable device of an embodiment, provided that the known states of all their inputs, when 

15 in standby mode, are not ones that cause high leakage within the logic gate. 

[0089] For example, FIG. 15 shows an example circuit for a driver such as the drivers Dl, D2 of 
FIGS. 13 and 14. The circuit includes two inverters, a first inverter 1510 constructed from 
transistors Nl and PI, and a second inverter 1520 constructed from transistors N2 and P2. The 
low-power standby state discussed above places a high in the register 1410 that provides the 

20 input for this driver. The first inverter 1510 inverts the high input signal and outputs a low signal 
to the internal node, A. This low signal is passed to the second inverter 1520, which inverts the 
signal and outputs a high output signal to the routing network. To ensure there is no leakage in 
the standby state, transistors PI and N2 must be high- threshold devices, since these two 
transistors are turned off by the high input signal and the low signal propagated through internal 

25 node A. However, either or both of Nl and P2 can be low-threshold without causing increased 
leakage in the standby state, since both of these transistors are turned on and thus do not have a 
leakage current. Since NMOS transistor-only-based routing networks (like those shown in FIGS. 
13 and 14) typically propagate falling edges faster than rising edges it is useful to be able to use a 
low-threshold (and therefore faster) pullup transistor P2 in the driver output to increase the speed 

30 of the rising edge. 
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[0090] Thus the ability to set a low-power standby state for the routing network by 
reconfiguration (whether full or partial) means that the restriction on the use of low-threshold 
transistors in inverters (and other gates that cian have input state dependent leakage currents) 
described above can be relaxed, which gives the designer a greater freedom to make tradeoffs 
5 between high performance in normal operation and low leakage in standby. 

[0091] The principles taught above may also be applied to a wide variety of circuit types other 
than reconfigurable logic device circuits. In general, the leakage current through the channel of 
any transistor can be minimised by equalising the voltages at each end of the channel - i.e. the 
source and drain of the transistor. For example, there are particular circuit styles where leakage 
10 currents can be significantly reduced using the teaching disclosed herein: 

[0092] Turning to FIG. 16A, a tri-state driver is built using a buffer constructed from a pair of 
inverters 1610, 1620, followed by a pass transistor (as in FIG. 7) or pass gate (as in FIG. 8). FIG. 
16A depicts a pass gate 1630. The pass gate is enabled or disabled via the control signal 1640. 
In this case, leakage current through the pass transistor or pass gate of a disabled driver can be 
1 5 minimised by setting the signal which the buffer would drive if it were enabled to equal the level 
on the wire which would be driven by the tri-state driver. 

[0093] Buffers in which one of the final drive transistors has a higher leakage current than the 
other. This is the same situation as considered in the discussion of FIG. 15 above, where the 
PMOS transistor P2 in the complementary buffer 1500 may be made a low-threshold device to 

20 increase the speed of the rising edge, and so compensate for the fact that rising edges are 

typically slower than falling edges in CMOS technology. The leakage current across the PMOS 
transistor P2 might be larger than that across the NMOS transistor N2 in the same buffer, so 
leakage current would be minimised by setting the output level of the buffer to a level which 
equalises the voltages at each end of the channel of the PMOS transistor P2 - i .e. set the output 

25 of the buffer to a high voltage level, which corresponds to setting the gate of the PMOS transistor 
P2 to a low. If the buffers in question are large or numerous, the reduction in leakage current 
could be significant 

[0094] Bus switches formed of pass transistors or pass gates. In this case, the leakage 

current can be minimised by setting the values on both source and destination buses to the same 



DOCSOC1:140386.1 
703567-4001 D2D 



21 



PATENT 
703567.4001 

value. This example is shown in the context of a reconfigurable device in FIGS. 13 and 14, and 
the associated discussion above. 

[0095] Barrel shifters formed of a grid of pass transistors or pass gates, one for every pair 

of input wire and output wire, as shown in FIG. 16B. In this case, the leakage current can be 
5 minimised by setting all bits of the data input word to the same value. Doing so causes the 
voltage levels on all of the wires in the barrel shifter to equalize, and thus since the grid of pass 
transistors is connected to the various wires, the voltage levels on the source and drain of each 
transistor is also equalized, thus causing the equipotential state discussed above, which results in 
low leakage. 

10 [0096] The method of FIG. 17 shows the steps to be taken to determine the states of the nodes of 
a circuit that will give an approximation to the minimum possible leakage current in the circuit. 
At step 1710, the set of high leakage transistors in the circuit (normally a small proportion) is 
determined. At step 1720, a check is made to see if there are more transistors to evaluate leakage 
currents for. Assuming there are, then at step 1730 the next transistor is selected. At step 1740, 

15 for each high leakage transistor the combinations of node states that will minimise leakage 

through the transistor is determined. The method then returns to step 1730. Once all transistors 
have been evaluated, then at step 1750, if there are conflicts between the node state requirements 
for different high leakage transistors, these conflicts are resolved by giving priority to the 
transistors with the highest leakage, to determine an overall set of node states that minimises 

20 total leakage. For example, assume a circuit has two high leakage transistors Nl and P2. Nl has 
a minimum leakage current when the input to the circuit is high, and P2 has a minimum leakage 
current when the input is low. The leakage current through Nl when in its low-leakage state is 
higher than the leakage current through P2 when in its low-leakage state. Thus:, the conflict is 
resolved by giving priority to Nl. As an alternative, at step 1750 the leakage currents are 

25 calculated for all transistors in the circuit, for all possible input combinations, and the input 

combination which results in the lowest total leakage through all the transistors is selected as the 
low-leakage state to use in the circuit. The optimal state is selected at step 1760, and the method 
terminates. 

[0097] Once the desired low-leakage state is identified, it is then applied to the circuit. The 
30 general case circuit may not have a configuration port that can be used to load these states, as 
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was the case with the reconfigurable circuit discussed above. However, the other methods 
discussed above for loading a particular state into a circuit can be used where applicable, for 
example: 

[0098] Finding an input sequence that when applied to the primary data inputs will set 

5 the nodes to the states needed to minimise leakage. 

[0099] Exploiting any register reset mechanism available. 

[0100] Adding extra control signals to the device to be able to override node values with 

the required values for the low-leakage state. 

[0101] Alternatively, many circuits incorporate additional hardware, for test purposes, that can 
1 0 be easily modified to use for setting the low-leakage standby state and then restoring the 
application state on return to normal operation. This additional test hardware allows all the 
registers in a device to be chained together into one or more so-called "scan chains", and 
arbitrary patterns of data to then be fed through these chains to set the values of all registers in 
the device. The contents of the registers can also be read out of the circuit via these scan chains. 

1 5 [0102] Thus, in an embodiment, these scan chains in an arbitrary circuit are used in place of the 
configuration port of a reconfigurable device to enter and exit a low-power standby state 
according to the method of FIG. 18. At step 1810, the normal operation of the device is stopped. 
At step 1820, the state of the registers is saved, using this scan chains to read the register contents 
into memory. At step 1 830, the low power standby state is loaded into the registers using the 

20 scan chains. Depending on the particular architecture of the arbitrary circuit, the process of 

loading the standby state into the registers described at step 1830 may be commenced before the 
register contents have been completely read out of the registers at step 1820. For example, once 
the first value has been read out of the register at the end of the scan chain in step 1820, the first 
of the standby values may be loaded in at the beginning of the scan chain. As the values are read 

25 out of the end of the scan chain, the standby values propagate in at the beginning of the scan 
chain. 

[0103] At this point, the circuit is in its low-power standby state. To exit standby mode, at step 
1840, the register states are restored using the scan chains to read the stored register contents in 
from the memory. At step 1 850, the normal operation of the device is restarted, and the method 
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terminates. This use of the scan chains provides the designer with greater freedom to exploit 
tradeoffs between high performance in normal operation and low leakage in standby than would 
otherwise be the case. 

[0104] Finally, it should be noted that not all parts of an otherwise active circuit may be active at 
5 the same time, and so any of the techniques described above can be appliedto inactive 

subsections of the circuit. For example, partial reconfiguration of a reconfigurable device can set 
the unused parts of the device to a low-leakage state, and similarly (if the scan chains are 
appropriately arranged) the low power state can be loaded into a subsection of a general device. 

[0105] In the foregoing specification, the invention has been described with reference to specific 
10 embodiments thereof. It will, however, be evident that various modifications and changes may 
be made thereto without departing from the broader spirit and scope of the invention. For 
example, the reader is to understand that the specific composition and combination of 
components shown in the circuit diagrams described herein is merely illustrative, and the 
invention can be performed using different or additional components, or a different combination 
15 or composition of components. Where the foregoing disclosure has been made using transistors 
as examples of circuit components, other components such as diodes or capacitors may be 
substituted as alternatives. The specification and drawings are, accordingly, to be regarded in an 
illustrative rather than restrictive sense, and the invention is not to be restricted or limited except 
in accordance with the following claims and their legal equivalents. 
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